Soil Water Retention Characteristics (SWRC) models have been widely used in many applications. Presently, there are many models in the literature and many more still being developed so much so that it is confusing which model to prefer. The current choice of the appropriate model to use has not been well guided by any incisive research on the predictive performance of these models. Consequently, SWRC model applications have been largely moved by convenience. This study used a global dataset to evaluate 12 commonly used SWRC models. The measured data onto which the models were evaluated was grouped into different soil depths and different regions of the world. The evaluation used correlation, Nash-Sutcliffe efficiency, and residual standard error statistics to choose the best overall performing model and models for each category. It gives an indication of the type of SWRC models to use in different regions of the world and depths of sampling. The suitability of the models to regions showed that the Fredlund and Xing model had the best performance in subsoils in Africa; Omuto in Southern Asia; and van Genuchten in subsoils of the other regions. It is recommended that many more models be tested using the procedures in this study so that benchmarks can be established on SWRC model selection suitable for various regions.
Introduction
Water is held in the soil by gravity, matric suction, and osmotic forces. The models describing different levels of these forces and the corresponding amount of water held in the soil are known as soil water retention characteristics (SWRC) models. There are two major categories of these models in the literature: pedotransfer functions (PTFs) which relate easily measurable soil properties to SWRC [1] and mathematical functions that can be fitted to experimental SWRC [2] . Predictive models under these two categories have been widely used in the literature in areas such as irrigation water management, crop-yield estimation, global circulation modeling, land degradation assessment, geotechnical engineering, etc. [3] [4] [5] [6] [7] . The major difference between these two model categories is that the mathematical functions contain fitting parameters which can be related to soil physical properties while PTFs do not necessarily have this relationship. Consequently, the mathematical functions have been used as a fundamental input in the various applications using SWRC. PTFs have been used largely as an alternate method to derive the parameters of the mathematical functions. This explains why there is still an active research to produce better user-friendly and accurate mathematical models for SWRC than the existing models [8] [9] [10] .
There are many documented mathematical models for SWRC. Reviews of literature on these models show that the popular ones are those that contain three-, four-and five-parameters [11] [12] . For example, a review by Leong and Rahardjo [11] showed that the popular models are Brooks-Corey, Farrel-Larson, Fredlund-Xing, Gardner, McKee-Bumb, van Genuchten, and Williams SWRC models. Another review by Bullied et al. [13] portrayed Campbell, Russo and Tani models as popular in addition to some of the models contained in the review by Leong and Rhardjo [11] . Another aspect of these reviews shows that the popular models mostly have high success rates in areas where they were developed. It is important to note that they were developed and tested in different regions of the world. Consequently, some of them have been successful in those areas, others have been modified to extend their applications in independent areas, while some have been used in different places without regard to whether they are successful or not. Still, many more are being developed in an attempt to improve on the existing models. However, there is no exhaustive study to compare their performance in different regions of the world. There is a need to determine the relative performance of these models in order to guide their application or encourage further development of new models.
Since the advent of digital soil mapping (DSM) and digital soil assessment (DSA) paradigms, there has been an upsurge of development of soil inference models and the need to increase accurate application of soil mapping products [14] . Soil hydraulic parameters and hydrologic functions cannot be left behind in this regard. There is a need to improve accuracy of their assessment and application within the realms of DSM and DSA. This present study contributed towards this goal by testing the performance of commonly used SWRC models on a global dataset. The focus on the use of a global dataset was to establish regions where these models can register the best performance and consequently inform users of these models where they can guarantee a high level of certainty. 
Materials and Methods

SWRC Models Analyzed
The SWRC models analyzed in this study and their curve-fitting parameters are given in Table 1 . The models were also placed into three groups: five-parameter, four-parameter, and three-parameter SWRC models. This grouping was necessary because models with many parameters may tend to perform better than those with few parameters and lead to biased performance comparison.
The five-parameter models were those proposed by Fredlund and Xing [2] , Omuto [15] and van Genutchen [16] . The van Genuchten [16] model is that in which n and m parameters are independent. The four-parameter models were those proposed by Kosugi [8] , Dexter et al. [9] , van Genuchten [16] (in which the parameter m = 1 − 1/n), Gardner [17] , Brooks and Corey [18] , and Russo [19] . The three-parameter models were those proposed by Campbell [20] , Tani [21] , and McKee and Bumb [22] .
Input Data
The global data used for analysis of the SWRC models was downloaded on 6 th May 2013. The data contained soil water content (θ in cm
) at various levels Four-parameter models of suction potential (h in cm). Only samples with at least eight (8) levels of suction potential and water contents were considered. The samples were grouped into topsoil (at depths between 0 cm and 50 cm from the soil surface) and subsoil (at depths greater than 50 cm from the soil surface). This grouping of samples into various depths was mainly to provide suitability of the models to various uses like irrigation modeling, watershed management and geotechnical investigations since soil depths are considered. These two groups were further split into samples from Central America, South America, Africa, Europe, Middle East, North Asia, and South Asia (Figure 1) . Data description and associated measurement methods have been given in Batjes [23] . There were at least nine (9) samples with complete SWRC data (i.e. with eight suction potential levels) for topsoil and at least six (6) samples with complete SWRC data for subsoils in each region. Preliminary analysis of the data showed that the samples had at least one measurement around saturation (i.e. when the suction potential is very low), at least one inflection point, and at least one measurement around the dry end (i.e. when the suction potential is very high). In addition, the majority of the samples had an inflection point around −1.0 m suction potential.
Data Analysis
The models in Table 1 were fitted to measured SWRC data using nonlinear curve fitting method. The analysis of these models in predicting measured SWRC for various regions and depths were analyzed using the following popular statistics:
1) Residual standard error, RSE ( 
2) Nash-Sutcliffe model efficiency, EF ( 
where y i is the measured soil water contents, ˆi y are the fitted soil water content, i y is the mean measured soil water contents, and n are the number of data points (i.e. soil moisture levels for each soil sample). In analysis, values of EF and r 2 close to unity and low RSE are preferred for a good model.
SWRC Models Suitability in Various Regions and Depths
The suitability of SWRC models in various regions was done by comparing their performance with data from different regions of the world and depths of soil sample below the soil surface. Using correlation statistics, the performance of the five-parameter models using the subsoils data showed that the Fredlund and The group-results shown in Table 2 may be used to guide models selection in case available SWRC data has limited suction potential levels. For example in Africa, if SWRC data has four measured suction potential levels then the exponential model by McBee and Bumb would give reliable results; in the case of SWRC data having five measured suction levels then the four-parameter van Genuchten model should be preferred; and in the case of SWRC data having at least six measured suction potential levels then Fredlund and Xing model should be preferred. It should be noted that, in order to guarantee best predictive results with these models, the minimum data-points for the SWRC data should contain at least three important points: at least a point around the saturation, at least a point at any of the inflection points (e.g. at air-entry potential), and a point around the dry end. These are anchoring points which are important in SWRC model fitting. 
Conclusion
This study used a global measured dataset of SWRC to evaluate popular models for fitting SWRC. The analysis serves as a guide for selecting the models to be preferred for fitting SWRC models to use in different regions of the world and depths of sampling. Van Genuchten model (both the four and five parameter models) had the best performance in most of the regions and soil depth. This was notable in Africa, Central America, South America, Europe and Northern Asia regions. The three-parameter McKee and Bumb model also performed well in all regions and soil depths. Owing to the good performance of exponential-based models, the analysis also floated a suggestion for future models to develop models based on exponential pore-size distribution. It is recommended that many more models be tested using the procedures used in this study so that benchmarks can be established on SWRC model selection for different applica-
